ABSTRACT
INTRODUCTION
The UAV market has grown rapidly this decade including both military and civilian applications. Micro and small UAVs draw special interests from researchers and developers around the world since they are expendable, easy to be manipulated and maintained [1] . They have great potentials in scenarios like remote sensing, search and rescue, and environmental monitoring etc.
Most UAVs can be treated as flying sensors to investigate a specified area from a certain altitude. One of the advantages of UAVs over manned aircrafts is the autonomous ability in extremely low altitude (for example less than 50 meters above the ground) since there are no human pilots on board. UAV flight control system is needed to guide the autonomous navigation instead of humans in this kind of dangerous jobs. It plays a key role here not only for the flight stability issues but also for the sensor data interpretation part. For example, the UAV performance while flying horizontally could affect the georeferencing result of aerial images a lot. Small or micro UAV autonomous flight could be easily affected by many factors:
(1) Wind, especially wind gust could introduce a lot of problems for UAV control particularly for those small or micro UAVs. (2) Flight altitude, UAVs may need to fly at any altitude above the ground for different missions. (3) Payload variation, a good UAV flight controller should be robust to the payload variation and not easy to enter stalling state with a little perturbation.
(4) Manufacturing variation and modeling difficulties, many research UAVs are hand-made from RC air frames, which makes it hard to get an accurate UAV dynamic model. (5) Resources limitations, small or micro UAVs are also constrained by the resources onboard like limited accuracy for on-board inertial sensors, limited computational power and limited size and weight etc.
All the above factors make it very important to design a robust and flexible flight controller. A lot of researchers have looked into the problem of UAV modeling and control. Open loop steady state flight experiments are proposed for the aileron-(roll rate) and elevator-(pitch rate) loop system identification respectively [2] . But the open loop system identification requires special requirements on UAV flight stability, which limit the roll and pitch reference signals to be as small as 0.02 rad. UAV model identification could also be done with human operators controlling the UAVs remotely. Different types of the auto regressive with exogenous input (ARX) models are identified while the UAV is flying in loiter mode [3] . Using human operators can make the UAV flight tests safer and more controllable but it may be impossible sometimes for some specially designed reference like pseudo random binary signals (PRBS). Other researchers also tried close-loop system identification method on the yaw channel of a ummanned helicopter [4] .
In summary, there are trade-offs like safety and maneuverability while designing UAV system identification experiments. The system ID experiments are not easy to repeat since the UAV system could easily enter the stalling (unstable state) given some too aggressive control inputs. On the other hand, too small excitations are just like noises to the system. A close loop system identification method is used in this paper. The UAV is first roughly tuned with a set of initial PID parameters, which just needs to guarantee the stability while flying horizontally. Then the UAV initial close-loop model is identified through AR models and the controller are designed based on the identified models as discussed in detail later.
Fractional order control (FOC) is attracting lots of interests recently. FOC introduces new fractional derivative and fractional integral operators to the classical PID control. It provides more solution candidates for the controller tuning [5] . FOC has shown advantages in a lot of scenarios like servo control [6] , and industrial applications [7] . PI α controller is one of the simplest fractional order controllers similar to the classical proportional integral (PI) controller. FOC can have advantages over traditional controllers because FOC has a longer memory and a larger solution set [8] . To simplify the flight control problem, the aileronroll loop in loiter mode is singled out for controller comparisons between fractional PI controller and integer order PID controller. The proposed controllers are tested in conditions like strong wind gust disturbance and different payload variations. This paper is organized as follows. The UAV flight control basics are discussed in Sec. 2. Based on this, a first order AR model and first order plus time delay (FOPTD) are identified in Sec. 3. Then, the fractional order PI α controller design strategy is introduced based on the robustness requirements in Sec. 4 . Simulation results show the effectiveness of the proposed fractional PI α controller in Sec. 5. Finally conclusion and future directions are further discussed in Sec. 6.
UAV Flight Control Basics
To describe the UAV movements in a 3-D space, the coordinate frames need to be defined as follows:
(1) UAV Body Frame: F body , the reference frame with the origin at the gravity center and the axes pointing forward, right and down. (2) Inertial Navigation Frame: F nav , the reference frame with a specific ground origin and the axes pointing the North, East and down to the Earth center.
UAV dynamics can then be modeled in this frames using system states including: However, not all the system states are directly observable or measurable. For instance, accurate attitude angles need to be estimated through the gyro and acceleration data although infrared sensor or optical flow can provide a rough measurement. Kalman filter is the most popular tool to finish this task [1] .
UAV control inputs generally include: aileron (δ a ), elevator (δ e ), rudder (δ r ), and throttle (δ t ). Different UAVs may have different control surface combinations. For example, some delta wing UAV can just have elevator, aileron and throttle with no rudder control.
The six degrees of freedom UAV dynamics can be modeled by a series of nonlinear equations. However, the nonlinear dynamic model is hard to analyze. So, it needs to be linearized around some trimming point and be treated as a simple SISO or MIMO linear system so that linear system theories can be used. The UAV six degrees of freedom dynamics can be decoupled into two modes for cascaded controller design:
(1) Longitudinal mode: pitch loop. (2) Lateral mode: roll loop.
After dividing the 3-D rigid body motion control problem into several loops, cascaded controllers can be designed to fin-ish the UAV flight control task. The roll loop control problem or lateral dynamics is carefully studied in this paper. The roll loop of a UAV can be treated as a SISO (roll-aileron) system after it achieves a steady state flight. The steady state flight means all the force and moment components in the body coordinate frame are constant or zero. It can be treated as a singular point or equilibrium point. An intuitive controller design is classical proportional integral and derivative (PID) control.
3 Roll-Channel System Identification The traditional way of identifying roll-channel is through open loop step response [3] . However, this method can only be employed with several constraints including small reference (as little as 4 degrees as commanded roll reference) and UAV stability issues. So, the close-loop system identification method is used instead because it can guarantee the stable state of UAVs. The trade-back is that a rough PID parameter tuning must be performed before the system identification experiment.
The whole system identification procedure includes UAV mechanically trim tuning, rough PID tuning (C1(s)) and UAV system identification experiments with pre-specified excitations, as shown in Fig. 1 . For the system model, the simple AR model is used since the first order AR model can provide some simplicity for the further fractional order controller design.
To make a comparison, the first order plus time delay (FOPTD) model is also identified for the modified Ziegler Nichols PID tuning rule,
Fractional Order Controller Design
The typical first order control plant discussed in this paper has the following form of transfer function,
Note that, the plant gain K in (4) can be normalized to 1 without loss of generality since the proportional factor in the transfer function (4) can be incorporated in the proportional coefficient of the controller.
The fractional order proportional integral controller to be designed has the following forms of transfer function,
where λ ∈ (0, 2). Assume that the gain crossover frequency is given by ω c and phase margin is specified by φ m . To ensure the system stability and robustness, three specifications are proposed as follows, (i) Phase margin specification,
(ii) Gain crossover frequency specification,
(iii) Robustness to gain variation of the plant demands that the phase derivative w. r. t. the frequency is zero, which is to say that the phase Bode plot is flat at the gain crossover frequency. It means the system is more robust to gain changes and the overshoots of the response are almost the same,
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dω | ω=ω c = 0. Systems According to the forms of the typical first order systems considered and the FOPI controller discussed, we can systemically design the FOPI controller following the three specifications introduced in Sec. 2 .
The open-loop transfer function G(s) of the fractional order PI controller for the fractional order system is that,
G(s) = C(s)P(s).
According to the fractional order PI controller transfer function form (5), we can get its frequency response as follows,
The phase and gain are as follows,
Arg[C( jω)]
According to the first order system transfer function (4), we can get its frequency response,
The phase and gain of the plant are as follows,
the open-loop frequency response G( jω) is that,
G( jω) = C( jω)P( jω).
The phase and gain of the open-loop frequency response are as follows,
Arg[G( jω)]
According to Specification (i), the phase of G( jω) can be expressed as,
Arg[G( jω c )]
From (12), the relationship between K i and λ can be established as follow,
where,
. According to Specification (iii) about the robustness to gain variations of the plant,
From (14), we can establish an equation about K i and λ as follow,
where
sin(λπ/2), we can get,
where E = T 1+(T ω c ) 2 and F = 2Eω −λ c cos(λπ/2) − λω −λ−1 c sin(λπ/2). According to Specification (ii), we can establish an equation
Clearly, we can solve equations (14), (15) and (16) to get λ, K i and K p .
Simulation Results
Aerosim is a nonlinear six degrees of freedom matlab simulink model designed for simulation of the aerosonde UAV [9] . This tool is developed by Marius Niculescu from u-dynamics with an educational version for free. All the key blocks are implemented through dynamic link libraries (dlls).
The control inputs of the aerosonde model include flap, aileron, elevator, rudder, throttle and the wind. The outputs comprise of: (1) The minimal simulation time step is 0.02 s. One typical example of UAV close loop control with IMU outputs is shown in Fig. 3: 
System Identification of Roll-Channel
According to the controller design procedure shown in Fig. 1 , trim tuning experiment is performed first in open loop to get the control input trims for a steady flight state. The trims are δ e = 0, δ a = −3 with throttle set as 0.7. It needs to be pointed out that δ e may not be zero for real UAV platforms due to the manufacturing accuracy. Then the pitch-elevator loop and aileronroll loop PID controllers are added with references as shown in Fig. 4 . The PID parameters are tuned roughly through step response analysis. Square wave is chosen as the reference input because this could prevent the UAV from tip-stalling. Steiglitz-Mcbride iteration method is used to get the AR model of roll-aileron loop. Here time domain system identification method is chosen because the difficulties in choosing the trustable frequency range when analyzing the flight log. Matlab function stmcb is used to get the models including: 1st order AR model, 5th order AR model and first order plus time delay (FOPTD) model simplified from the 5th order AR model. 
The square wave responses of the identified models are simulated in Fig. 5 . It is obvious that the simulated time domain responses can match the output from aerosim nonlinear model pretty well. 111) . The Bode plots of system designed are plotted in Fig. 6(b) , we can see that the phase Bode plot is flat, at the gain crossover frequency, all three specifications are satisfied precisely. Oustaloup realization of FOC controller is used in simulation [10] .
Integer PID Based on Modified Ziegler-Nichols
Tuning Rule Modified Ziegler Nichols PID tuning rule divides the tuning problem into several cases based on different system dynamics.
(1) Lag dominated dynamics (L < 0.1T ): 
Comparison
To show the advantages of FOPI controller over integer order PID controller, two more experiments are performed concerning the robustness issues. Wind gust is a pretty common and nontrivial disturbance to the flight control systems. Especially for small or micro UAVs, the wind gust can even cause crashes if the controller is not well designed. So both FOPI controller and MZN PID controller are tested under extreme conditions when the wind gust arrives 10m/s for 0.25 second. The results are shown in Fig. 8 . We can see that the FOPI controller has less overshoot than the MZN PID one and return back to the steady state faster. 
CONCLUSIONS AND FUTURE WORKS
In this paper, the fractional order (PI α ) controller is implemented on the UAV roll-aileron loop. A new roll-aileron loop system identification method is proposed and tested with aerosim simulink model. Modified Ziegler-Nichols integer PID controller and FOPI controller are designed. The flight performance from these two controllers are compared with the wind gust disturbance and payload variation conditions. Simulation results show the effectiveness of the proposed controller design techniques.
Future work is to use the FOPI controller on more complex trajectory tracking problems and improve the simulation model with respect to the real UAV experiments. 
